[1] Measurements have been made of the effect of compaction on water retention, saturated hydraulic conductivity, and porosity of two English soils: North Wyke (NW) grassland clay topsoil and Broadbalk silty topsoil, fertilized inorganically (PKMg) or with farmyard manure (FYM). As expected, the FYM topsoil had greater porosity and greater water retention than PKMg topsoil, and the NW clay topsoil retained more water at each matric potential than the silty topsoils. Compaction had a clear effect on water retention at matric potentials wetter than −10 kPa for the PKMg and FYM soils, corresponding to voids greater than 30 mm cylindrical diameter, whereas smaller voids appeared to be unaffected. The Pore-Cor void network model has been improved by including a Euler beta distribution to describe the sizes of the narrow interconnections, termed throats. The model revealed a change from bimodal to unimodal throat size distributions on compaction, as well as a reduction in sizes overall. It also matched the water retention curves more closely than van Genuchten fits and correctly predicted changes in saturated hydraulic conductivity better than those predicted by a prior statistical approach. However, the changes in hydraulic conductivity were masked by the stochastic variability of the model. Also, an artifact of the model, namely its inability to pack small features close together, caused incorrect increases in pore sizes on compaction. These deficiencies in the model demonstrate the need for an explicitly dual porous network model to account for the effects of compaction in soil.
1. Introduction
Difficulties of the Traditional Approach
[2] We have investigated the extent to which the pore sizes within soil samples can be inferred from water retention curves, and the extent to which saturated hydraulic conductivities can be related to these pore size distributions and hence to the water retention curves. Specifically, the effects of soil compaction have been explored. These relationships have been studied for many decades by soil physicists. The traditional approach has tended to involve the parameterization of a water retention curve into a tractable mathematical form dependent on two or three fitting parameters, and then the seeking of a relationship between these parameters and the saturated or unsaturated hydraulic conductivity. This approach suffers three fundamental disadvantages. First, water retention curves are difficult to measure, so are typically determined at only a few tensions, thus leaving very few statistical degrees of freedom for a fitting curve. Once reliable experimental results are achieved, the next problem is that the functional form of the smoothing curve may be too restrictive, and may not accurately reflect the subtle features of the water retention curve. Finally, the fitting parameters themselves are primarily designed for reliability of fitting rather than being directly connected to the soil structure, so inferring structural information from them is often difficult.
[3] The present study is designed to address these issues for samples of grassland and arable soil, including different arable soil treatments, at different levels of compaction. It employs water retention curves measured at many tensions with high accuracy. Rather than fitting mathematical functions to the water retention curves, we generate void networks which closely match the experimental porosity and percolation characteristics. We review how well the geometrically constrained void networks reveal characteristics of the soil samples and the effect of compaction, and the extent to which a network model approach can predict saturated hydraulic conductivity. We compare the predictions to saturated hydraulic conductivities generated by a statistical approach originating with Childs and Collis-George [1950] .
Recent Background
[4] Perhaps the most basic parameterization of water retention curves is the Campbell model which assumes:
where y is the matric potential, y e is the air entry matric potential, is the volumetric soil water content, s is the volumetric soil water content at saturation, and b a fitting parameter. It has been combined with the Gardner model, which assumes that the relative hydraulic conductivity is proportional to the exponential of soil water matric potential:
where K is the hydraulic conductivity, K s the saturated hydraulic conductivity and A is a fitting parameter related to the macroscopic capillary length of the soil [Kawamoto et al., 2006] . The combined equations have been fitted to three distinct regions of the water retention curve by Poulsen et al. [2002] . A double exponential fit has recently been made, with the proposal that the two exponential terms relate to the matrix and structural pore spaces in the soil [Dexter et al., 2008] . Another approach is to assume that the void sizes follow a lognormal distribution [Kosugi, 1999] , but that can be difficult to justify in a substance as complicated as soil.
[5] A much more popular approach is to fit the van Genuchten equation, although there can be problems in its use near saturation [Schaap and van Genuchten, 2005] . Stange and Horn [2005] have expressed the effect of compaction in terms of adjustable van Genuchten coefficients. The van Genuchten equation is frequently combined with a Mualem approach to predict unsaturated hydraulic conductivity. Also popular is the Brooks-Corey model [Neuweiler and Cirpka, 2005] , often as modified by Jarvis [Borgesen et al., 2006] . Although invaluable for such purposes as pedo transfer functions, workers have recognized the difficulty of interpreting van Genuchten and BrooksCorey parameters with respect to the structure of the soil.
[6] In this work, we measure the effect of compaction on saturated hydraulic conductivity K s only. However, there is also an extensive literature on the effect of compaction on unsaturated hydraulic conductivity K. Of interest is that Richard et al. [2001] found that at tensions lower than (drier than) −15 kPa, K was actually greater in compacted soil than uncompacted soil. They ascribe this to the presence in compacted soils of a greater continuity of saturated pores through a denser matrix of aggregates, as later stated by Berli et al. [2008] . They also describe the creation of "relict" structural pores within a textural matrix in compacted soils which act as reservoirs that may only be drained once the smaller pore throat is drained.
[7] Studies of soil compaction confirm that the ease of compaction depends crucially on the water content [Tarawally et al., 2004] ; compaction of drier nonplastic granular tills results in a more uniform ultimate pore size distribution than compaction of a wetter soil [Davoudi and Lefebvre, 2005] , while in Chinese Ultisols the precompression stress decreases exponentially with increasing soil water content [Peng et al., 2004] . For sandy soils, measurement of residual water content is crucial in being able to predict the saturated and field water contents under compaction [Oliver and Smettem, 2005] . A greater number of macropores above 50 mm have been observed in arable relative to grassland soils [Alaoui and Goetz, 2008] . The destruction of macropores is observable in pronounced changes in the wet ends of water retention curves, whereas micropores are relatively unaffected [Zhang et al., 2006] . Although natural macropores are sensitive to compaction, artificial macropores are relatively robust [Schaffer et al., 2008] . Measurement of shrinkage is vital when studying compaction, and indeed the use of soil shrinkage curves has been proposed as method of characterizing changes in macroporosity and microporosity [Boivin et al., 2006] .
[8] Bromide tracers reveal double concentration peaks caused by the shadow effects of compacted soil clods [Coquet et al., 2005] . Dye tracer experiments show a destruction of more tortuous macropores by compaction, as inferred by the reduction in lateral exchange from macropores into the soil matrix [Alaoui and Goetz, 2008] . In sandy loams, compaction leads to an increased likelihood of preferential flow, whereas in clay soils, preferential flow occurs except at high compaction [Mooney and Nipattasuk, 2003] .
[9] With regard to the use of void network models in relating water retention curves to void sizes and hydraulic conductivities, van Dijke and Piri [2007] comment that the goals have changed little in the last 60 years. A particular problem with applying such models to soil is the simplicity of a network of, for example, pores connected by cylindrical "throats" relative to the extreme complexity of the structure of soil. However, the complexity and capability of such models are now being enhanced by the availability of much greater computing power. The network model used in this work, named Pore-Cor, has had some success in modeling trends in soil texture [Peat et al., 2000] , trends with depth [Johnson et al., 2003 ] and the structuring of soil under clover [Holtham et al., 2007] . However, two obvious weaknesses of this model are the restriction of the throat size distribution to a log linear functional form, and the equispacing of the void features in Cartesian coordinates without regard to their size. In this work, we remove one of these limitations by replacing the log linear distribution with a highly flexible Euler beta distribution, as also previously used in less flexible form by Or and Tuller [1999] .
Modeling

Theory
[10] Three-dimensional void networks are generated by stochastically creating unit cells comprising an array of 1000 (10 × 10 × 10) cubic pores connected by up to 3000 cylindrical throats (see Figure 1) . The unit cells are connected together and have periodic boundary conditions; that is, fluid moving out from one side of a unit cell flows into the adjacent side of its neighboring replicate. Figure 1 shows two unit cells connected together in each direction; that is, 8 unit cells in a 2 × 2 × 2 array. Fluids are injected through the xy plane at maximum z in the −z direction. The geometries of the unit cells are adjusted by means of an eight-dimensional Boltzmann-annealed amoeboid simplex (a mathematical creature which crawls around parameter space searching for an optimum answer) until the porosity and percolation characteristics of the simulated network closely match the experimental data.
[11] For the sake of computational simplicity, the previous void structure model incorporated a log/linear throat size distribution; that is, a linear variation in the number of throats when plotted against a logarithmic size axis. Such a distribution dropped abruptly to zero, in boxcar fashion, at the maximum and minimum throat sizes corresponding to the experimental tensions, and was thus counterintuitive. The new log/Euler beta throat size distribution within the Pore-Cor void network encompasses more realistic and more flexible Gaussian-like, Poisson-like and bimodal distributions. The probability density function, representing the probability that the distribution lies in a small interval [x, x + dx] is
where
is the Euler beta function.
[12] The parameters z and h are related to the mean m and standard deviation s of the distribution as follows:
[13] These expressions may be recovered by using the result that:
where the Euler gamma function is defined as:
and noting that:
[14] The expressions for the mean and standard deviation may be inverted:
The distribution is therefore completely specified if m and s, and therefore the quantities on the right hand side, are known.
[15] A network fitting parameter called "throat spread" is defined as twice the standard deviation s. It is scaled so that values around 0.55 give linear distributions of relative number plotted against the logarithm of size or tension, lower values give Gaussian-or Poisson-like distributions, and greater values give bimodal distributions. The parameter Figure 1 . Simulations of the structures of 6 cm cubes of the FYM soil under (left) low compaction and (right) high compaction, with water (blue) drained to a tension of 29.1 kPa displaced by air (blue) corresponding to drainage of accessible throats of diameter 10 mm.
"throat skew" has a more complex definition in order to allow a balanced sampling of the simplex parameter space. It requires four quantities. The first two are the minimum m min and maximum m max possible means for a given standard deviation.
These can be found by substituting the following conditions into (8) and (9):
[16] If there exists a region where the distribution is unimodal for a given standard deviation then we define the minimum and maximum unimodal means as m 1 and m 2 respectively. The boundary case is a uniform distribution with z = h = 1. Values of m 1 and m 2 are obtained by solving a cubic equation, and then choosing the correct root (i.e., the one nearest the median, which is always 0.5) [Press et al., 1986] :
By default, a pore's size (length of each side of the cube) is equal to the size (diameter) of the largest throat that intersects it. Let the cumulative throat size distribution function be F(z, h, x). This is the probability that a throat will be smaller than x. If the throat positions are uncorrelated, the probability that all the n intersecting throats will be smaller than x is F(z, h, x) n . Another way of viewing this is as the cumulative size distribution of the largest intersecting throat. The probability density function for the pore sizes is therefore:
where the function f is the derivative of the function F. In practice, this distribution usually generates structures with too low a porosity, owing to inefficient packing together of the void features. The pore sizes are therefore bulked up by multiplying all their sizes by a parameter called "pore skew." The distribution is then truncated at the original maximum size to prevent the pores overlapping, and all pores larger than this size allocated the maximum size.
[17] Three of the dimensions of the parameter space explored by the simplex as its fits the model to experimental data are related to m and s (equations (3) to (15)) and the pore skew (equation (16)). Others are the network connectivity and short-range size autocorrelation function [Matthews et al., 1995] . There are also three Boolean simplex parameters, namely whether the network can be generated without geometrically overlapping features, whether it can be adjusted to achieve the experimental porosity, and whether the network is fully interconnected.
Saturated Hydraulic Conductivity of the Network
[18] The network simulator can also calculate the permeability and saturated hydraulic conductivity of the simulated porous structures. It is assumed that Poiseuillian flow occurs across the whole unit cell in the −z direction:
where dV/dt is the volume flow rate, n is the fluid viscosity, and dP cell /l cell is the pressure gradient across a single unit cell. cell is an averaging operator over the whole unit cell, operating on the flow capacities of the pore-throat-pore arcs (F arcs ) [Matthews et al., 1993] , and calculated by means of the Dinic network analysis algorithm [Ahuja et al., 1997] .
[19] A combination of equation (17) with the Darcy equation results in this expression for the Darcy permeability k of the unit cell, to which the hydraulic conductivity is directly related:
Saturated Hydraulic Conductivity From Water Retention
[20] We compare the results of the approach just described with a simpler statistical approach to derive saturated hydraulic conductivity from water retention data [Campbell, 1985; Childs and Collis-George, 1950] . A model is formed by considering the interconnection of cylinders of different sizes across a section of a porous material. We consider a special case in which it is assumed that these interconnections are random.
[21] A distribution F(r) of cylindrical pore radii r is derived from the water retention curve (, h) as
where h is the tension. Assuming that the flow of water through a cylinder is proportional to its cross-sectional area, then
[22] Usually this expression is incorporated into a model for relative permeability or unsaturated hydraulic conductivity, appearing as a denominator in such a model [Mualem, 1976] . A constant of proportionality is required to achieve absolute values of k from equation (20) . Equation (20) may be rewritten as
[23] Following van Genuchten [1980] , we use the van Genuchten function for water retention to evaluate this integral, using the standard constraint m = 1 − 1/n for the water retention parameters.
With the change of variable
Equation (21) becomes
which we may rewrite as
where a is the third fitting parameter for the van Genuchten function. The integral in equation (24) equates to 1 and k becomes
A constant of proportionality needed to achieve absolute values may be inserted in equation (25) to yield:
where r is the density of water, g is the acceleration due to gravity, and g is the surface tension of water. Here we assume no requirement for a correction factor to account for tortuosity. Equation (26) simplifies to Wyke (NW) Research in Devon as being representative of typical arable and grassland agricultural land management in the United Kingdom, respectively. Samples were taken from the upper 150 mm of the organic farm yard manure (strip 2.2) and inorganic PKMg (strip 5) treatments at Broadbalk, and from the same depth in an undrained and unfertilized treatment at Rowden. The three soils are termed FYM, PKMg and NW. Each soil was crumbled to pass a 4 mm sieve and left to air dry in a single bulked sample. The soils were then equilibrated at 0.16 g g −1 water content by adding deionized water, and stored in air-tight containers at 4°C until ready. Deionized water was used as standard for all experiments, in the knowledge that our soils either had low active-clay contents (PKMg and FYM) or were sufficiently stabilized by organic matter (NW) that destructuring by any osmotic swelling was negligible.
Basic Soil Properties
[25] Basic soil properties were measured by standard methods (Table 1) . Organic matter was removed with H 2 O 2 , and the particles dispersed with [NaPO 3 ] 6 . Soil particle size distribution was then determined by a combination of wet sieving of 60 mm to 2 mm particles (British Standard 1377 , 1975 and X-ray attenuation during sedimentation of particles smaller than 60 mm in a SediGraph 5100 (Micromeritics Instrument Corporation, Norcross, GA, USA). Particle density was measured by the pycnometer method [Blake and Hartge, 1986] , in which deionized water is displaced by oven-dried soil. Soil organic matter was calculated by the loss-on-ignition method.
Soil Water Release Characteristic
[26] As there was no single apparatus that would equilibrate the soils at the range of matric potentials of interest (from 0 to −1500 kPa), two sets of samples were prepared: one set for "dry-end" potentials in the range −13 to −1500 kPa, and one for "wet-end" potentials in the range 0 to −10 kPa.
[27] Soil that was to be equilibrated at dry-end matric potentials was taken from the single equilibrated sample and packed to fill small stainless steel cores (i.d., 54 mm; h, 25 mm) at compacting pressures of either 174 or 522 kPa to create two structures using a pneumatic soil press. These compaction pressures are hereafter termed L (low) and H (high). Twenty-four replicate cores for each of the six soil compaction treatments were created in this manner. All cores were brought to saturation by standing in free water and then two or three replicate cores were equilibrated at either −13, −20, −30, −50, −100, −200, −300, −500, −1000 or −1500 kPa matric potential for 28 days in a pressure chamber apparatus. At equilibration, the soil height and diameter were measured with digital calipers before oven-drying at 105°C for 48 h.
[28] Soil that was to be equilibrated at wet-end matric potentials was packed at the same two compacting pressures to fill the same size cores to within 3 mm of the top. The exact height of the soil in the cores was determined using the digital calipers and the core was weighed at this point. The remainder of the core volume was filled with a wet 1:1 (w:v) suspension of Plaster of Paris (CaSO 4 · 0.5H 2 O). A spatula was used to ensure good contact with the soil below and a flat surface on the top. The plaster set very quickly and the cores were reweighed. Four replicate cores were prepared for each soil compaction treatment. Each replicate core, with the plaster facing down, was placed on one of four ceramic tension plates connected to a hydraulic column and brought to saturation by standing in free water. The soil mass at saturation (0 kPa matric potential) was recorded, and the height and diameter were measured using digital calipers. The water level in the hydraulic column was then lowered to 5.1 cm below the level of the tension plate to give a matric potential of −0.5 kPa. The mass was recorded daily until it did not differ significantly from the previous day (P > 0.05 by Student's t test). At this point the height and diameter were recorded and the water level in the hydraulic column was lowered a further 5.1 cm to create a matric potential of −1 kPa. The process of equilibrating, weighing and measuring was continued through decrements of 0.5 kPa to a matric potential of −10 kPa. As with the ceramic of the tension plates, it was assumed that the plaster layer remained saturated in this range of matric potentials such that a hydraulic connection was maintained between the soil and the water level. At the end the soil was ovendried at 105°C for 48 h.
[29] Through knowing the mass, height and diameter of the soil, the soil water characteristic could be expressed in gravimetric terms, and the volume change at different matric potentials could be estimated.
Soil Conductivity Characteristic
[30] The effect of compaction on hydraulic conductivity was measured using a triaxial cell apparatus. Two replicate cores (d, 50 mm; h, 100 mm) of each of the equilibrated soils were made to an initial compacting pressure of 100 kPa using a pneumatic press and a brass corer with a longitudinal split. The soil core was removed from the corer, placed inside a rubber membrane and placed in a GDS STDTTS triaxial system (GDS Instruments Ltd, Hook, Hants, United Kingdom) which was filled with water. The soil was brought steadily to saturation through increasing the cell (radial) pressure and the pore water pressure in tandem up to 1000 kPa to force water into the pores while restricting volume change. The quantity of water entering the soil was monitored, having an estimation of the initial water-filled pore volume, and a pore pressure coefficient test was carried out which returned a value close to 1. Both of these confirmed that saturation was successful.
[31] Following saturation, the soil was consolidated by increasing the cell pressure above that of the pore water pressure to give an effective stress. Progressive effective stresses of up to 600 kPa were subjected on the soil, and at each stress, the saturated hydraulic conductivity was measured by passing water through the soil by way of two pressure volume controllers connected to the upper and lower surfaces of the soil.
Soil Consolidation Characteristic
[32] The saturated consolidation characteristic was measured to give further insight into the effect of consolidation on porosity. From the equilibrated sample, two replicate cores of the FYM and PKMg soils and one replicate of the NW soil were made as described above for the conductivity characteristic, except to a compacting pressure of 174 kPa. The core was placed inside a GDSTAS loading frame triaxial system (GDS Instruments Ltd, Hook, Hants, United Kingdom). The soil was saturated as described above and then subjected to progressive isotropic effective stresses of up to 900 kPa. Volume change was monitored by displacement in a water-filled inner cell system [Ng et al., 2002] and was converted to porosity. Porosity expressed as a function of effective stress was modeled with an asymmetrical sigmoidal Gompertz function, allowing the preconsolidation stress and consolidation index to be calculated [Gregory et al., 2006] . The preconsolidation stress describes a threshold stress in the consolidation characteristic between elastic or recoverable volume change, and plastic or irreversible volume change, reflecting the stress history of the soil. The consolidation index is the slope of the consolidation characteristic (volume loss) as a linear function of the logarithm of consolidation stress in its plastic normal consolidation phase beyond the preconsolidation stress. The greater the value, the more susceptible the soil is to porosity loss when subjected to stress. As the effective consolidation stress was common to the measurements of both conductivity and consolidation characteristics, the relationship between porosity and conductivity could be examined.
Experimental Results
Soil Water Release Characteristic
[33] Soil water release characteristics of the three soils are shown in Figure 2 at the two compaction pressures. Water retention was greater for the NW soil than the PKMg and FYM soils (P < 0.05). Of the two arable soils, more water was retained by the FYM treatment than the inorganically fertilized (PKMg) treatment (P < 0.05). Compaction had a clear effect on water retention at matric potentials in the range 0 to −10 kPa (P < 0.05), but little effect on the dry end.
[34] Using soil particle density values (Table 1 ) and neglecting residual water retention at −1500 kPa, the water characteristics of the soils were converted into graphs of the accessible void volume occupied by air against the intruded feature size (Figure 3) . Intruded feature sizes were calculated from the Laplace equation (28), which gives the diameter d of a cylinder which can be intruded by a nonwetting fluid (air displacing water) at an applied differential pressure h:
[35] It was assumed that the interfacial tension g of water in soil is 0.075 N m −1 and that water is fully wetting so that = 0°, although in practice it becomes less wetting with higher organic carbon content [Matthews et al., 2008] .
[36] The data shown in Figure 3 were used for the network modeling of the void space. The porosity values for the soil sample, in volume percentage, are shown in Table 2 , assuming that the soil does not change volume during the water release. This prevalent approximation is necessary for the model, which comprises a network of a single porosity for each sample that replicates the entire water release characteristic. Volume changes were estimated during the soil water release characteristic, and were found to be negligible for matric potentials between 0 and −10 kPa, but that all soils lost pore volume through shrinkage at lower (more negative) potentials, particularly the NW soil owing to its greater clay content.
Soil Conductivity Characteristic
[37] The effect of stress on saturated hydraulic conductivity can be seen in Figure 4 . The NW soil has the highest conductivity at low stress, and has a greater response to stress. The graph shows the 174 and 522 kPa stresses that correspond to the L and H compaction treatments prior to measurements of the soil water release characteristic (see Figure 2) . The relationship between saturated hydraulic conductivity and effective stress followed a power law model, and so linear regression was performed on logarithmically transformed data. It can be seen that the prediction of conductivity at 522 kPa involved extrapolation for the NW soil above the highest measurable conductivity data at a stress of 300 kPa.
Soil Consolidation Characteristic
[38] The soil consolidation characteristic traces the reduction in porosity with increasing stress (see Figure 5 ). Initial porosities were much greater for the NW soil than the FYM soil, which in turn was greater than for PKMg soil. The porosity of the NW soil at 1000 kPa was still greater than that of the arable soils at low stresses.
[39] The consolidation indices are given in Table 3 and reflect the inherent differences between the soils. Although the preconsolidation stress is to some extent artificial in this piece of work, being based on repacked cores, it can be seen that the NW soil withstood a greater consolidation stress prior to normal consolidation. Once the preconsolidation stress is exceeded, the soil undergoes normal consolidation. The consolidation index was greatest for the NW soil followed by the FYM soil, showing that the NW soil was least resistant to volume change once the preconsolidation stress was exceeded.
[40] Figure 6 shows the porosity-conductivity characteristic derived for the three soils. It highlights the greater porosity of the NW soil, and the sharp decreases in conductivity as porosity is reduced by consolidation.
[41] It should be noted that the consolidation stresses of the conductivity experiment (Figure 4) for the FYM and PKMg soils were considerably greater than those associated with the consolidation characteristic ( Figure 5 ). Therefore extrapolation of the consolidation characteristic was necessary to estimate the porosity of these two soils at consolidation stresses greater than 200 kPa.
Modeling Results
[42] The modeling of the porous network was carried out by using the simplex to find modeling parameters which generated network structures which matched the porosity relatively to within 0.1% of the experimental value and that had water retention characteristics that also closely matched the experimental results. Ten different stochastic realizations were generated for each soil type and treatment. For the simulation of hydraulic conductivity, the conductivities of all ten structures were calculated and averaged for each sample. However, since the modeling parameters are coupled into concerted convergences onto the experimental data, the averages of single parameters are not meaningful. Therefore, to find a representative modeled structure for each sample, the stochastic realizations with any of the fitting parameters showing a deviation from the mean larger than the standard deviation were discarded. Out of the remaining stochastic realizations, the realization showing the smallest value of distance between experimental and simulated water characteristic was chosen as representative.
[43] The modeling parameters for each of the representative structures are shown in Table 4 . The percentage distances between simulated and experimental curves shown in the right hand column were calculated by plotting the curves on a graph with logarithmic horizontal axis (size or tension), and a linear vertical axis, with the spread of the experimental points being 100% in each direction. The distances between each experimental point and all the simulated points were calculated. The closest distances between experiment and simulation were then averaged over the number of experimental points to give the distances shown in Table 4 . A typical fit (1.2% for FYM L) is shown in Figure 7 , in which the size of each of the experimental points is scaled such that if the simulation just touches it, it has matched to 1% of the spread on each axis. It can be seen in Table 4 that the distances between the simulated and the experimental water retention curves are always below 1.4% and in one case below 1%. This compares favorably with fits using the previous log linear throat size distribution applied to soil structure under grass and clover, where the average distances were 2.4% and 1.9% for fits to only 7 experimental measurements per water retention curve [Holtham et al., 2007] .
Pore and Throat Size Distribution
[44] All the modeled structures of the soils at the low compaction level (L) show a bimodal throat size distribution, as indicated by the values of throat spread in Table 4 which are all larger than 0.55. These bimodal distributions give the sigmoidal cumulative distributions, shown as solid triangles in Figures 8-10 . Simulated structures of the soils at the high compaction level (H) show a unimodal throat size distribution in the FYM soil, bimodal throat size distribution in the NW soil and a very slight bimodal distribution in the PKMg soil (see Table 4 and solid circles in Figures 8-10 ). It can be seen that for all the soils there are fewer larger throats for the soil compacted at higher pressure. In the case of the NW soil ( Figure 10 ) the difference between the throat size distributions of the two soil compaction levels is much smaller than in the FYM and PKMg soils. This may in part be due to the water content of the soils when they were initially made at the L and H compaction states. As the NW soil has a greater clay content, more water is required to achieve plasticity than in the lighter-textured FYM and PKMg soils.
[45] However, the simulated pores in the model increase in size on compaction; that is, the H pore size distributions (open circles) are at higher size ranges than the L distributions (open triangles), with truncation above 2910 mm (to prevent them overlapping) as shown. This behavior is also very evident in Figure 1 , in which the increased pore sizes of the compacted structure mask the change in throat sizes. Such behavior is clearly incorrect in the light of the obvious interpretation of the water retention curves in Figure 2 , and also in the context of the findings of other workers described in section 1.2. It is discussed below. 
Hydraulic Conductivity
[46] The mean values of simulated hydraulic conductivity for FYM and PKMg soils show the expected trends ( Figure 11 ) with lower hydraulic conductivity for structure compacted at higher pressures. For the NW soil there is little difference after compaction. The means of these values were compared with an unpaired independent two-tail Student's t test to ascertain whether the differences in the mean values for low and high compaction for each soil are statistically significant. This test is merely showing whether the stochastic nature of the modeling masks the variation in hydraulic conductivity due to compaction, and has no bearing on the experimental measurements. The t test P statistic was 0.33, 0.12 and 0.49 for the FYM, PKMg and NW soils, respectively, showing relatively high probabilities that the null hypothesis, that the means are identical, is correct. The simulated saturated hydraulic conductivities must therefore be viewed with caution, in the knowledge that the stochastic variations in the model are high with respect to the effects of compaction. In the case of the NW soil, the water retention curves, and hence H and L modeled structures, are very similar in terms of simulated pore and throat size distribution, so the high P statistic of 0.49 is not surprising.
[47] The van Genuchten model was fitted to the six water retention data sets, yielding the parameters shown in Table 5 . An example fit for FYM L is shown in Figure 7 , with a closeness of 1.8% compared to 1.2% for the network model.
[48] Using the simpler approach derived from that of Childs and Collis-George [1950] , equation (27), we obtained the values for K s shown in Figure 11 . It can be seen that overall the modeled hydraulic conductivities are closer to experimental values than those derived from the simpler approach. However, all the values overestimate the experimental measurements, and the network simulated values and those from the simpler approach tend to vary in a concerted fashion.
Discussion
Experimental Discussion
[49] When drawing conclusions, it must be remembered that exact water retention curves are impossible to measure, because the soil samples need to be saturated at the start, and this can cause swelling of the unconfined soil. This was a particular problem with the NW soil at high compaction. Nevertheless the experimental results show a clear difference between the three soils. The NW soil was clayey in texture and had a greater organic matter content deriving from its permanent grassland land use. It thus had an inherently better-developed structure with greater porosity and stability. This was reflected in both the water release and consolidation experiments, as the NW soil retained more water at each matric potential and had a greater porosity at all effective stresses. At an effective stress of 1000 kPa, the NW soil had a greater porosity than the PKMg and FYM soils did at 10 kPa. For the two arable soils, the FYM soil, which receives an organic amendment as part of its management, had a greater porosity and greater water retention than the inorganically fertilized PKMg soil.
[50] Compaction in the water release experiment and consolidation in the triaxial experiments had adverse effects on all soils. The compaction treatment had a clear effect on water retention at matric potentials greater than −10 kPa. This corresponds to pores greater than 30 mm equivalent cylindrical diameter. Pores smaller than 30 mm appeared to be unaffected as the water release characteristics were the same for the L and H compaction treatments in each soil. In general, the stability of a soil pore is inversely related to its size and hence compacting a soil to 522 kPa would result in a greater loss of larger pores than compaction to 174 kPa. As a matric potential of −10 kPa might be considered to represent "field capacity," then our findings suggest that the greater structural damage done at 522 kPa compared to 174 kPa might be manifest in a reduced ability to permit water transmission following saturation by gravitational drainage, rather than affecting the plant-available water supply in the soil.
[51] Combining the two consolidation experiments to give the porosity/saturated hydraulic conductivity relationship shows the dramatic changes in hydraulic conductivity resulting from small changes in porosity. These results confirm the importance of factors other than porosity in mediating flow; a scaling of the whole pore space to match the reduction in porosity could not possibly account for the observed changes in hydraulic conductivity. Typically models linking porosity to hydraulic conductivity also include reference to critical pore scales, Carman [1939] . The equation derived in this paper from the Collis-George model falls into this class. Equally the use of the Pore-Cor void network simulator explicitly and mechanistically accounts for the role of pore throats in controlling hydraulic conductivity.
Modeling Discussion
[52] The Pore-Cor network simulation software models correctly the trend of throat size distributions for the arable soils. However, the model fails to describe fully the effect of compaction. The representative structures demonstrate a change of throat size distribution on compaction from bimodal to unimodel, and from larger to smaller sizes, which seems reasonable in the light of the water retention curves in Figure 2 . Despite a statistically wide variation in the predicted saturated hydraulic conductivities, owing to the stochastic variability of the model, the representative structures show the correct trends, because the saturated hydraulic conductivity is dominated by the narrowed throats rather than the larger pores. However, the network model is unable to pack these smaller features sufficiently close together to achieve the correct porosity, and therefore can only obtain the experimental porosity by bulking up the pores using the pore skew parameter.
[53] As the experimental saturated hydraulic conductivity of the NW soil at high compression is based on an extrapolation, comparisons between this datum and the modeled results are less safe than the other comparisons.
[54] The approach followed in this paper may be regarded as complementary to recent research aimed at developing a mechanistic understanding of soil pore strain [Berli et al., 2008] . These models seek to predict the detailed response of structure to compaction and the consequent effects on hydraulic function. While these models are at present restricted to simple idealized configurations of packed aggregates they hold potential to be upscaled to describe larger systems and associated pore networks. Clearly a means of inferring the structural response of such a network to compaction from experimental water release data, as presented here, will be beneficial to the development, testing and validation of the predictive modeling of compaction.
Conclusions
[55] We have measured water retention, consolidation and saturated hydraulic conductivity characteristics of soil samples that illustrate the difference between different soil types (arable and grassland soils), and the effect of different treatments of an arable soil. These measurements are of interest in themselves, and a derived characteristic demonstrates a very high dependence of saturated hydraulic conductivity on porosity. The measurements are sufficiently closely spaced, in terms of tension or stress, to provide a severe test for the network model. The model shows reasonable and interesting changes on throat size distribution. It fits the water retention curves better than van Genuchten functions, and predicts changes in saturated hydraulic conductivity that are generally more accurate than those predicted by the simpler approach based on the work of Childs and Collis-George. However, the network model fails to represent the changes in pore size, owing to its inability to pack small features sufficiently close together. There is clearly a need for an explicitly dual porous network model of soil, which will now be the focus of our investigations.
